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Abstract
Understanding impurity and bulk plasma transport in the scrape-oﬀ layer (SOL)
of tokamak plasmas is critical for the design of future reactors. The development
of a system on Alcator C-Mod for inferring impurity transport behaviour parallel
and perpendicular to local magnetic ﬁeld lines from impurity emission patterns
(“plumes”) generated by local gas injection will be presented. Gas is injected at
variable location in the SOL through the end of a reciprocating fast-scanning probe.
Carbon plumes are generated by puﬃng ethylene gas (C2H4) through the probe over
a period of ∼ 8-10 ms. Two intensiﬁed CCD cameras are used to record C+1 and C+2
emission patterns from near-perpendicular views. Flows parallel and perpendicular
to the magnetic ﬁeld have been observed in both views. In principle, the data allow
a full 3-D reconstruction of the impurity dispersal with ∼ 1 mm spatial resolution.
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1 Introduction
The transport of impurities along and across ﬁeld lines in the edge plasma is of
fundamental importance to reactor operation. High impurity concentrations
in the core can lead to degradation of core energy conﬁnement, whereas high
edge concentrations can lead to signiﬁcant radiation of power entering the
scrape-oﬀ layer (SOL) and a re-distribution of this power over a large surface
area.
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A direct means of inferring information about impurity transport in the edge
plasma is to inject impurities locally into the SOL and study the resultant
impurity dispersal patterns (“plumes”). Such studies have been previously
conducted on Alcator C-Mod [1], but were limited to injection of gas through
wall capillaries. This limited the type of plasmas studied to those in the far
SOL, near the wall. In addition, impurity line emission was viewed with a single
camera system, providing no information about the transport of impurities
across ﬂux surfaces.
A novel new design for a reciprocating fast-scanning probe was developed
during the 1997 Alcator C-Mod run campaign, allowing for injection of gas
through the probe tip [2]. With this design, impurity atoms can be injected
locally at variable position in the SOL, including deep into the SOL, up to
the last closed ﬂux surface (LCFS). Transport studies can be conducted as a
function of SOL position. An additional advantage is that the local plasma
density and temperature are measured directly at the injection location via
the probe. These data can be used in modeling the resulting impurity emission
plumes, imaged from two near-perpendicular camera views.
In this paper, we report initial results and progress towards developing a
system to infer impurity transport from the dispersal of C+1 and C+2 plumes.
2 Experimental Arrangement
2.1 Fast-Scanning Probe
A cross-section of the Alcator C-Mod vacuum chamber with a layout of the
main diagnostics for the gas-injection system is shown in Figure 1. A recipro-
cating fast-scanning probe (FSP), containing four Langmuir probe elements,
is used to obtain cross-ﬁeld proﬁles of electron density and temperature in
the SOL. Probe pairs are oriented along and across the local magnetic ﬁeld,
yielding estimates of the parallel and cross-ﬁeld ﬂow proﬁles in the SOL.
A detailed diagram of the FSP head is shown in Figure 2. A 1 mm diameter
capillary tube located between the probe elements extends down the body of
the probe, and is connected to a nearby gas plenum. At the tip of the capillary,
inside the probe head, a small inertial gas valve has been inserted. This valve
is designed to open when the de-acceleration force on the probe head exceeds
 30 g’s, corresponding to a ∼ 10 ms time window at the probe end-of-stroke.
Thus, gas is injected on ﬂux surfaces within  5 mm of the location of deepest
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Fig. 1. Cross-section of the Alcator C-Mod vacuum chamber with a typical diverted
equilibrium. Gas is injected at the end of stroke of a vertically-scanning probe.
Impurity emission plumes are viewed from two near-perpendicular locations.
probe insertion.
2.2 Views Of Emission
Two near-perpendicular views of the scanning probe are available on Alcator
C-Mod, and are shown in Figure 1. Plume emission at each location is viewed
with a ﬁber optic bundle containing a square array of 400x400 individual ﬁbers
spaced 10 µ apart. A camera lens is attached to each bundle, and the bundle
is placed (approximately) at the focal plane of the lens. This sets the ﬁeld of
view for each system: for the side view it is  27 cm x 27 cm and for the top
view it is  23 cm x 23 cm. The viewing resolution of each system is  0.6
mm/ﬁber.
The ﬁber bundles are optically coupled to gated, intensiﬁed CCD cameras
[3] through another set of camera lenses. Bandpass interference ﬁlters are
used to view emission from C+1 and C+2. Filters are placed in a ﬁlter wheel
assembly located between the ﬁber and the camera, allowing diﬀerent ﬁlters
to be selected for diﬀerent discharges.
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Fig. 2. (Top) Transparent view of fast-scanning probe head assembly showing gas
feed and inertial valve location. (Bottom) Close-up views of pyramidal probe tip
(actual scale). The materials are: molybdenum ∼ body of the probe head, stainless
steel ∼ capillary tubes and inertial valve, tungsten ∼ Langmuir probes, alumina
and alumina coating ∼ electrical insulation.
2.3 Typical Set-Up Conditions
For these experiments ethylene (C2H4) was used as the working gas. For a
typical carbon plume, a plenum pressure of  16-17 torr is used, resulting
in ∼ 5 x 1016 molecules of ethylene injected per probe scan. Previous tests
indicate that the injection duration is  8-10 ms [2], corresponding to the
probe de-acceleration time. Assuming complete dissociation of the molecule
and complete ionization of each atom, each probe puﬀ would contribute ∼ 8 x
1017 electrons, or less than one percent of the electron inventory in the plasma.
The local perturbation of the plumes can be assessed by a particle and power
balance over the region where the impurities enter the plasma. Impurities
enter both by direct ionization of injected molecules and via recycling oﬀ of
the probe head. Results from section 5.2 indicate that the carbon neutral
proﬁle width is ∼ the probe diameter (see Fig. 5, CII case), implying that the
ionization volume is ∼ a few cm3. Assuming that ions formed in this volume
leave along ﬁeld lines at ∼ the sound speed, an estimate for the local impurity
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ion density is ∼ 1018√
Te,eV
m−3. Based on these estimates, the local perturbation
of the plumes is small.
For gas-injection levels described above, camera exposures are set between ∼
50-100 µs, depending on the camera and the speciﬁc discharge in which the
plume is forming. For times this short, the motion of the probe is “frozen”,
and the cameras are eﬀectively taking a snap-shot of the emission pattern
resulting from a steady ﬂow of injected gas.
3 General Observations for C2H4 Plumes
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Fig. 3. Smoothed CIII (465.3 nm) emission data from the top and side views. Data
on the left was taken during Ohmic L-mode, and data on the right during Ohmic
H-mode. A schematic of the probe head is drawn in each ﬁgure to indicate its
perturbance. An approximate local magnetic ﬁeld direction is indicated to orient
the emission.
False color images of CIII (465.3 nm) emission recorded by the CCD cameras
are shown in Figure 3 for an ohmic L-mode and an ohmic H-mode discharge.
In the side view, emission is partly obscured by the probe head, while in the
top view the probe head contributes some reﬂected light. A schematic of the
probe head is shown in each ﬁgure. Emission is extended in the direction
along the local magnetic ﬁeld line. The extent of the emission parallel to B
varies with discharge conditions, and is generally consistent with calculations
of the ionization mean-free path made using local density and temperature
measurements from the scanning probe. Typical parallel extents for CII (C+1)
emission are ∼ 5-10 cm, while for CIII (C+2) emission they are ∼ 15-20 cm.
Asymmetries are seen in the parallel extent of the CIII emission relative to the
injection location. The direction of the asymmetry indicates a ﬂow direction
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for the impurity ions. However, for Te ≥ 35 eV, the average lifetime of C+2
ions is shorter than the average parallel momentum transfer time between
C+2 and D+. Parallel impurity ﬂows are therefore not representative of bulk
plasma ﬂow for these cases, or in general for conditions deep in the SOL, where
temperatures are high.
Asymmetries are also seen in the cross-ﬁeld direction of the emission. Fig-
ure 3 (side views) shows that the tails of the emission are bent further oﬀ of
the axis of emission as distance is increased from the injection location. This
“boomerang” eﬀect is due to the E x B drift of impurity ions. For the majority
of plumes studied, this eﬀect is in a direction implying an Er that is directed
radially outward, even up to the LCFS.
Figure 3 shows that discharge conditions aﬀect the emission patterns. During
L-mode discharges, emission tends to be very elongated along ﬁeld lines with
little cross-ﬁeld spreading, whereas in H-mode emission is much more cross-
ﬁeld spread, possibly due to strong E x B ﬂows. Emission patterns can also
vary depending on the character of the H-mode (Elm-free vs. EDA), which may
be related to changing electric ﬁeld structure or changing particle transport
[4].
4 Emission Alignment and Calibration
For a more quantitative analysis of the plume data, alignment and calibration
is necessary. To align the emission to an absolute coordinate space, the vac-
uum vessel was back-illuminated with a light source, providing images of the
machine from both views. Using known coordinates of machine components in
the ﬁeld of view, such as bolts, tiles, etc., a virtual vacuum vessel was numer-
ically generated with geometrical optics, and then aligned to the actual views
of the vessel. Impurity emission is aligned using the same transformations that
were used to align the virtual vacuum vessel.
Images captured by the video frame-grabber board are digitized, and emission
is recorded as a byte value ranging from 0 to 255. To calibrate each system,
a light source of constant, known brightness was placed in front of the ﬁber
bundle of each system. Calibrations were obtained for views through both CII
(514.1 nm) and CIII (465.3 nm) ﬁlters.
Examples of calibrated and aligned CII and CIII plume data are shown in
Figure 4. Typical plume brightnesses are in the range of 0.1-1 kW/m2/ster.
Using the known coordinates of the emission and the EFIT magnetic recon-
6
-0.40
-0.35
-0.30
-0.25
-0.20
-0.15
Z
(m
et
er
s)
310.
258.
206.
154.
102.
CII, Side View
Magnetic field
line trajectory
from EFIT
Towards the divertor
10 pixel smoothing
R
el
at
iv
e
ca
li
b
ra
ti
o
n
(W
/m
/s
te
r)
2
FSP nozzle
0.80
0.75
0.70
0.65
R
(m
et
er
s)
310.
258.
206.
154.
102.
CII, Top View
n = 3.8 x 10 m
T = 35 eV
rho = 4.0 mm
19
e
e
-3
Magnetic field
line trajectory
from EFIT
Towards the divertor
10 pixel smoothing
R
el
at
iv
e
ca
li
b
ra
ti
o
n
(W
/m
/s
te
r/
1
.5
3
)
2
FSP nozzle
-10 -5 0 5 10
Toroidal angle (degrees)
-0.35
-0.30
-0.25
-0.20
-0.15
Z
(m
et
er
s)
650.
530.
410.
290.
170.
10 pixel smoothing
Towards the divertor
Magnetic field
line trajectory
from EFIT
R
el
at
iv
e
ca
li
b
ra
ti
o
n
(W
/m
/s
te
r)
2
FSP nozzle
CIII, Side View
-5 0 5 10
Toroidal angle (degrees)
0.80
0.75
0.70
0.65
R
(m
et
er
s)
650.
530.
410.
290.
170.
CIII, Top View
Magnetic field
line trajectory
from EFIT
Towards the divertor
10 pixel smoothing
R
el
at
iv
e
ca
li
b
ra
ti
o
n
(W
/m
/s
te
r/
2
.5
5
)
2
FSP nozzle
n = 3.5 x 10 m
T = 38 eV
rho = 3.5 mm
19
e
e
-3
n = 3.8 x 10 m
T = 35 eV
rho = 4.0 mm
19
e
e
-3
n = 3.5 x 10 m
T = 38 eV
rho = 3.5 mm
19
e
e
-3
Fig. 4. Aligned and calibrated CII (514.1 nm) and CIII (465.3 nm) emission data,
top and side views. Data is taken from Ohmic L-mode discharges (CII: discharge
990825011, CIII: discharge 990825010) at 0.80 seconds. Magnetic ﬁeld line trajec-
tories obtained from EFIT are overplotted.
struction code [5], the magnetic ﬁeld line trajectory at the injection location
can be overlayed on top of the plumes. This has been done in Figure 4. It is
observed that the emission is indeed extended along the magnetic ﬁeld line as
expected, but that there can be signiﬁcant deviation of emission from the ﬁeld
line, indicative of strong cross-ﬁeld transport. The radial and vertical extents
of the emission are comparable for the CIII case, and are ∼ 5 cm.
5 Initial Results
5.1 E x B flow estimates
Estimates of the local E x B ﬂow velocity can be obtained by measuring the
deviation of C+2 plume emission from the local magnetic ﬁeld line, assuming
the dominant drift is due to E x Bmotion. If the full extent of the plume along
B is seen by the cameras, then vExB  d/τ , where d is the distance that the
tip of the plume has deviated from the ﬁeld line, and τ is the ionization lifetime
of C+2 estimated using local electron density and temperature measurements.
For the case shown in Figure 4, d  1.5 cm (averaging top and side view data)
and τ  9.3 µs. This results in vExB  1.6 x 105 cm/s, or 1.6 km/s. For |B|
 Bφ = 4.86 T, a radial electric ﬁeld of Er  7.3 kV/m would be inferred.
Floating potential and temperature data obtained from the scanning probe for
this discharge at the time of plume formation indicate a radial electric ﬁeld of
7.6 kV/m, consistent with this estimate.
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5.2 1-D Normalized Brightness Profiles
Integration of plume emission data along and across local magnetic ﬁeld lines
can be performed using known emission and ﬁeld line coordinates. Normalized
1-D proﬁles of CII and CIII emission across B obtained from integration of
data shown in Figure 4 are shown in Figure 5. In principle, proﬁle asymmetries
can be related to impurity ﬂows, while diﬀerences in CII and CIII proﬁle
widths can be used to determine cross-ﬁeld diﬀusivities.
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Fig. 5. 1-D proﬁles of CII (dashed) and CIII across B, top and side views. These
proﬁles result from the integration of data shown in Fig. 4. Proﬁles are normalized
such that the integral under the curve is unity for all cases. Directions of increasing
R and Z are indictated.
Geometry plays an important role in understanding results from both views.
In these 1-D proﬁles, poloidal and radial components of the transport have not
been unfolded. Thus, asymmetries in the proﬁles implying radially (top view)
or vertically (side view) directed ﬂows could simply be the result of large E
x B ﬂows along the ﬂux surface dominating the picture. To determine these
ﬂows accurately, a full 3-D model of the plume emission is required.
Diﬀerences between CII and CIII proﬁle widths are small, of order 20 per-
cent of the widths themselves. This implies a large neutral (CI) proﬁle width
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(relative to the probe injection diameter) arising from speciﬁcs of molecular
break-up and ion formation. Any estimate of D⊥ inferred from these proﬁle
diﬀerences will be very sensitive to errors in the proﬁle measurements. The
validity of comparing CII and CIII data from diﬀerent discharges, where gas
levels, injection location, and background plasma parameters may vary, is
therefore questionable. An accurate proﬁle comparison is possible for CII and
CIII data collected from the same plume. Beam-splitter optics have therefore
been designed and are being installed to allow each camera to view C+1 and
C+2 emission simultaneously for any discharge.
6 Summary and Future Plans
A novel system for determining impurity transport in the SOL is operational
on Alcator C-Mod. A reciprocating fast-scanning probe has been designed to
inject gas locally in the SOL for a duration of 8-10 ms, corresponding to a SOL
width of ∼ 5 mm. The system is capable of injecting up to 1019 molecules over
the puﬀ duration. Two near-perpendicular views of the probe are available,
imaging impurity dispersal plumes using ﬁber optic bundles coupled to gated,
intensiﬁed CCD cameras. Parallel and perpendicular impurity transport may
be inferred from the dimension and structure of the plumes. Deep injections
(i.e. at locations up to the separatrix) are achieved, allowing transport to be
studied as a function of SOL position.
Initial plume experiments have been conducted using ethylene, with ∼ 5 x
1016 molecules of gas typically injected per probe scan. Emission data has
been aligned to machine coordinates, and absolutely calibrated. Plume extents
parallel to the magnetic ﬁeld are consistent with the calculation of ionization
mean-free paths made using probe measurements. Radial electric ﬁelds in-
ferred from cross-ﬁeld dispersal of the impurities are also consistent with probe
measurements. Cross-ﬁeld ﬂows are inferred from emission asymmetries, but
a 3-D reconstruction of the emission is required to diﬀerentiate between ﬂows
in the ﬂux surface (e.g. E x B ﬂows) and ﬂows across ﬂux surfaces. Cross-
ﬁeld diﬀusion is inferred from diﬀerences in CII and CIII cross-ﬁeld spreading.
However, these diﬀerences are small, requiring accurate measurement of CII
and CIII proﬁles, necessitating data for both charge states be collected from
the same discharge.
In order to complete the diagnostic system, additional work is required. Fu-
ture plans include: (1) Installation of a beam-splitter on both camera systems,
allowing C+1 and C+2 data to be collected simultaneously from each view. Pro-
ﬁle comparisons can then be used in 1-D modeling to infer D⊥. (2) Application
of a “slice” inversion algorithm to obtain projections in the R-Z plane of emis-
sion from a limited region of the plume. The full 3-D emission proﬁle can
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then be built up from various slices of emission. A non-negative least-squares
algorithm [6] will be used to ensure the inverted emissivity ε ≥ 0. (3) Monte
Carlo modeling [7] to simulate the plume experiments, yielding parallel and
perpendicular ﬂows and diﬀusivities. The use of CII and CIII data obtained
simultaneously will enforce tight constraints on the modeling, since the simu-
lations will be required to reproduce results for both charge states.
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